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Almost all diagnostic methods have been scrutinized for agreement, including the clinical examination,' ECG,6-7 exercise ECG," and echocardiogram. § Even coronary angiography has been examined for observer variability.10'3 Nuclear cardiology is an example of the difficulty with agreement because interpretation of the results is inherently subjective. This is particularly so for technetium-99m pyrophosphate infarct imagingl" and thallium-201 myocardial perfusion imaging,16 which are visualized as gray-scale images or 16 -scale color images. The purpose of this investigation was to assess intra-and interobserver agreement in reading thallium images at our institution and to propose a method of improving agreement.
Methods
Treadmill testing was performed using a modified Balke-Ware protocol with a speed of either 2.0 or 3.3 mph w.th the grade increased 5% every 2 or 3 minutes.16 Before exercise, a catheter was placed in an antecubital or hand vein. One and one-half to 2.0 mCi of thallium-201, followed by 10-15 ml of saline, were injected approximately 1 minute before symptomlimited maximal effort. Exercise was terminated at volitional fatigue, definite anginal pain, or significant electrocardiographic abnormalities (more than 0.2 mV horizontal or downsloping ST displacement or dangerous dysrhythmias). The patient's heart rate, blood pressure, 12-lead ECG and signs and symptoms were carefully monitored.
After exercise, the patient immediately lay down, the precordial electrodes were removed, and imaging was begun within 5 minutes. Imaging was begun as soon as possible to avoid missing transient acute ischemia. Images were obtained in four views: anterior, 450 and 600 left anterior oblique (LAO), and right lateral decubitus. A 37-photomultiplier-tube, 25 -cm field-of-view camera with a ¼h-inch crystal (Picker-Dynamo with a micro-Z processor) was used for image recording. A general-purpose, parallel-hole collimator was used with a 30% window centered on the 80-KeV mercury x-ray associated with the radioactive decay of thallium-201. Imaging in each view was continued until a 2000-count information density (counts/cm2) was reached in the most normal portion of the left ventricular myocardium. This was approximately equivalent to 300,000-400,000 total counts and usually required 7-10 minutes of acquisition time per view. All analog scintigraphic images were unprocessed and recorded on x-ray transparent film. If a defect was noted on any of these postexercise images, the patient was asked to return 3-4 hours later for delayed imaging.
Film Selection
One hundred scintigrams were interpreted from consecutive patients undergoing research studies. Immediate or delayed films with one or more views were randomly numbered 1-100 and then renumbered for the second reading. The patient and study date were unknown to the readers, although films with less than four images were suspected to be delayed views because our protocol for delayed imaging at that time required taking only suspicious views. The films from 10 normal subjects along with 26 patients either before or after an exercise training program were included. These 26 patients had coronary artery disease as documented by angina, an abnormal treadmill, history of myocardial infarction, or cardiac catheterization. Five patients had undergone coronary artery bypass surgery.
Four readers (one cardiologist and three nuclear radiologists) were blinded as to patient identification and individually read the randomly numbered films. Most readers required [3] [4] hours to review the 100 films. Each reader interpreted the films for a second time 3-4 weeks later after rerandomization and renumbering. For each film the reader completed a form ( fig. 1 ) that included (l) a choice of abnormal, normal or uninterpretable because of poor quality; (2) written description as to the anatomic location of the defect; (3) pencilling in the defect on a schematic representation of a normal thallium image; and (4) grading the defect as to size and intensity. Relative defect size was graded on a scale of 1-5, in which 1 = 10% or more of the total myocardial area, 2 = 20% or more, 3 = 30% or greater, 4 = 40% or greater, and 5 = greater than 50%. Intensity of myocardial accumulation in the abnormal region was graded on a scale of 1-4, in which 1 = normal uptake, 2 = just less than normal, 3 = just greater than background, and 4 = equivalent to background. Severity of a lesion was a composite of size and intensity graded on a scale of 1-10 determined for each view (table 1) . This scale was empirically developed by the readers, based on their experience.
Statistics
The thallium image interpretation data were analyzed in several ways in an effort to describe all aspects of observer variability and agreement. Analyses included means, correlation, coefficients, coefficient of concordance and percentages. The interobserver variability was calculated by comparing the first readings of the four observers.
In analyzing the severity of a defect on a scale of 1-10 using size and intensity as determinants of severity, we used a nonparametric rank-correlation analysis as described by Fried17 for determining coefficient of concordance. The kappa test was used to test the hypothesis that agreement was greater than chance alone.18
Results
The observers had a high intraobserver agreement when reading the scintigrams as either being abnormal or normal (table 2). They gave the same interpretation at the two readings 89-93% of the time. The fourth column lists the inconsistent readings and shows both the total number of readings and the order in which the inconsistencies occurred. Not all film totals equaled 100 for this analysis because films considered uninterpretable by each reader were eliminated. Elimination of a greater number of films did not increase the agreement. Observer B, who Intensity was graded 1-4: 1 = normal myocardial activity; 2 = just less than normal; 3 = just greater than background activity; and 4 = equal to background activity.
Size was graded 1-5: 1 = a lesion of at least 10%o of the total heart size; 2 = more than 20%; 3 = more than 30%; 4= more than 40%; and 5 = more than 50%. 1 = 10% of total myocardial area; 2 = 20%; 3 = 30%; 4 = 40%; 5 = 50% Intensity: 1 = Normal; 2 = Just less than normal; 3 = Just greater than background; 4 = Background Final Assessment: FIGURE 1. A proposed thallium myocardial perfusion imaging form to improve observer reliability. The illustrations were used in our study to evaluate reliability. eliminated the most films (100 films -94 read, six uninterpretable), achieved a 91% agreement. The kappa test showed that the agreement was significantly greater than could occur by chance alone. Table 3 shows that four of four observers agreed on abnormal scans an average of 64% for readings 1 and 2. When readings in which three of four readers agreed are included with those in which four of four readers agreed, an average of 75% of the scans labeled abnor-mal by at least one reader were interpreted as abnormal on both readings, whereas an average of 16% of the scans were interpreted abnormal by only one observer. The total number of films, again, is not 100 because inadequate studies were eliminated and not all films were abnormal or interpreted as such. Agreement was significantly greater than could occur by chance alone (table 4) .
In interpreting normal scans, all four readers agreed 15 (31%) 6 (13%) 8 (16%) 49 (100%b) The percentage offilms in the above table represents the number of films read as abnormal or normal in each classification of reader agreement (four of four, three of four, two of four or one of four) divided by the total films read as abnormal or normal by any number of readers times 100. Discrepancies in the totals are due to differences in the number of films considered uninterpretable. 0.56 ± 0.10* *p< 01. in an average of only 40% of the cases labeled normal by at least one reader. In contrast to the abnormal interpretations, a much larger percentage (30% vs 1 1%) of the normal scans had three-of-four-observer agreement. However, when at least three of four observers agree, there is a similar average total (75% vs 68%).
The ability to interpret scans reliably with respect to defect location is seen in tables 5 and 6 and figure 2. Intraobserver agreement shows wide ranges of agreement in the apical, inferior, lateral and posterior areas (35-76%, 30-61%, 33-58%, and 11-78%, respectively) in table 4. However, the greatest intraobserver agreement as to defect location was in the septal region, with a range of 65-81% and an average for all readers of 75%. The average intraobserver agreement for all areas was highest in reader D and lowest in reader C. There was a definite tendency to describe defects in the apical region more frequently than in others. Results of interobserver agreement (i.e., agreement of two or more observers) with respect to defect location are listed in table 6. The greatest agreement was in the septal area, for which 74% of the scans were interpreted the same by three of four or four of four observers. The highest percentage of films in which only one of four readers found a defect occurred in the posterior (67%) and lateral (69%) regions. At least three of four readers agreed only 12% in these regions.
Using the grading scale of severity of defect described in the Methods section, we correlated observer scores between readings one and two as seen in different views. The highest correlation was in the LAO 450 and 600 views and in readers A and B (table   7) . Interobserver correlations were generally high, except when comparing observer D with either observer B or C in the lateral view (table 8 ). The coefficient of concordance supports these generally high values. In table 8, the column listed as average is generally higher than the first and second reading because the average grade for each scan was first determined and the coefficient of concordance was then computed, and averaging reduces variability.
Discussion Most techniques in medicine require observer interpretation and thus are subject to observer subjectivity. Validity measures the proximity of a test result to a certain standard of accuracy. One can also measure the amount of agreement between individuals or the individual to himself. Terms such as interor intraobserver variability, variance, reliability or consistency express a measurement of this agreement. However, the statistical expression of agreement is complex and variable. In one of the few studies of agreement concerning the cardiac physical examination, two cardiologists had excellent agreement on heart size and murmurs (greater than 94% agreement), but agreement on extra sounds was 72-92%.' The best agreement occurred between cardiologists as opposed to three nonspecialists. In a study assessing agreement of three physicians as to the presence or absence of tibial or dorsalis pedis pulses, interobserver agreement was found in approximately 70% and 80%, respectively, and intraobserver agreement ranged from 73-87%. 19 The echocardiogram has been criticized for its technical reproducibility and its lack of observer agreement in interpretation. The echocardiogram may be used for studying large groups, but inter-and intraobserver reliability for measuring left-heart dimensions must be assessed." Using correlation coefficients, observer intraclass correlation coefficient (another method of describing intraobserver agreement) ranged from 0.87-0.98 for various dimensions and interobserver coefficient ranged from 0.86-0.98, except for the left ventricular posterior wall measurement, which had a coefficient of 0.57. Crawford and colleagues20 found their standards more accurate than those recommended by the American Society of Echocardiography. 21 Experimental factors have been evaluated in interpretation and in testing protocol (subject gender, day and time done, subject position) that might be involved in the variability of echocardiographic measurements. 22 Using a variance component model, the relative contribution of various factors to the total variability in measurement was demonstrated. As expected, the subject variance was a major component in all measurements. However, the interpreter variance component was significant, particularly in measuring interventricular septal and posterior left ventricular wall thicknesses. To assure more agreement, they stressed the necessity of reading echocardiograms either using one interpreter on two separate occasions or by using two interpreters.
The ECG and vectorcardiogram have a low level of observer agreement (or high reader variability). A group of physicians interpreted 100 ECGs as normal, as showing an old myocardial infarction, or as showing nonspecific abnormalities." Although only paired interobserver correlation was calculated, 70% or more of the 20 readers could agree on only 77 of the 100 ECGs. Using the same reporting categories, nine ex- perienced electrocardiographers interpreted 100 ECGs on two times at least 2 weeks apart.6 At least two-thirds agreed in 78% of the ECGs and complete agreement occurred in only 29% of the cases. Interobserver correlations of readings were not calculated, but intraobserver agreement was determined for each of the experienced nine readers and showed an intraobserver agreement of 81-93%. Acheson noted a 90% intraobserver agreement in one reader and an overall agreement in all five readings of 60%. 23 Simonson et al. evaluated 10 observers who interpreted 114 vectorcardiograms and 105 ECGs.7 A wide variation was found in making the correct diagnosis for five conditions, as evidenced by wide standard deviations for the average correct or incorrect diagnoses.
Blackburn had 14 observers from seven institutions interpret 38 individual exercise ECG tests as normal, abnormal or borderline. Five readers repeated the readings.8 In only nine of the 38 exercise ECGs (24%) was there complete (14 of 14) agreement and when at least two-thirds agreed (nine of 14 readers), only 22 (58%) were read in agreement. This value of 58% of the exercise ECGs in which nine of 14 readers agreed is much lower than our value of 76% for at least threeof-four-reader agreement. However, Blackburn's study did not allow a dichotomous decision, as there was a third interpretation of borderline. Intraobserver agreement had a wide range, from 58-92%, and an average still less than ours for a dichotomous decision. Blackburn attributed this wide variation in both interand intraobserver agreement to the absence of defined criteria, technical problems such as noise, and differences in opinion as to ST-segment upsloping. Strict criteria, such as the Minnesota code,24 and computer analysis have been recommended as ways of increasing agreement in electrocardiography.
Detre and colleagues studied observer agreement in detecting a 50% or greater lesion in 13 coronary angiograms reviewed by 22 readers on two occasions.'0 She found results midway between chance expectation and 100% agreement. This study demonstrated considerable interand intraobserver variability (low agreement) and found the lowest interobserver agreement among those who demonstrated the lowest intraobserver agreement. There was also a strong correlation between observer experience and intraobserver consistency. That is, experienced observers usually agreed on two readings.
Four readers, including two radiologists and two cardiologists, assessed coronary artery stenoses and wall motion abnormalities in 20 patients.'1 Interobserver variability was striking, particularly when interpreting arterial or ventricular wall segments with the highest percentage of positive findings. Interobserver variability in interpreting coronary angiograms has been correlated with postmortem pathologic findings.'2 Despite the presence of coronary artery disease, angiographic interpretations of significant lesions (at least 50% angiographic diameter occlusion) were noted in only approximately 80% of the arteries with such occlusions on pathologic inspection. In addition, when the majority opinion at angiographic interpretation was used, it added little to accuracy.
The measurement of wall motion and ejection fraction using both contrast angiography and radionuclides have been investigated for observer agreement. Chaitman and co-workers looked at both subjective (estimation) and objective (measurements from frame tracings) evaluation of angiographic film for volume, ejection fraction and wall motion. 18 Greater agreement was demonstrated between the objective observers than between the subjective observers, particularly with respect to volume measurements. There was even less agreement when comparing objective observer measurements with those of the subjective observers in all areas. The best interand intraobserver agreement occurred in ejection fraction measurements, particularly in the objective intraobserver measurement of ejection fraction, in which a 0.99 correlation was noted.
Slutsky et al. assessed reproducibility of ejection fraction and ventricular volumes by gated radionuclide angiography and included a small section on inter-and intraobserver agreement.25 They found minimal variations of 0.02 ± 0.02 and 0.03 ± 0.02 ejection fraction units (EF units) for intra-and interobserver variability. Okada et al. found similar or superior interobserver variance for wall motion by radionuclide angiography than by contrast angiography, except for the septal wall, in which contrast angiography was superior.26
Imaging of myocardial perfusion using cationic radionuclide tracers has become popular in diagnosing exercise-induced myocardial ischemia as well as myocardial scar at rest. Because thallium has excellent myocardial uptake, with a drop in blood levels to 3% within. a few minutes after injection, and an effective half-life of 7 hours, it is the most commonly used agent. It is a noninvasive method of diagnosing coronary artery disease, and studies with angiographic correlation demonstrate sensitivities of 68-92% and specificities of 85-100%. 27 McLaughlin and colleagues studied reproducibility of the thallium-201 technique, testing a group of subjects twice.28 They found only six nonreproducible segments out of 76. In terms of observer agreement, they noted total agreement of three observers in 60 of 76 studies, but did not report intraobserver agreement when defect location was correlated with coronary artery stenoses. In studies concerned with the interpretation or reading of thallium scans, evaluation of agreement has considered primarily interobserver and not intraobserver agreement. Trobaugh and colleagues reported an interinstitutional study of observer variability (another term describing interobserver agreement)." Two readers from two different institutions interpreted 100 resting studies (50 from each institution) as normal, borderline and abnormal. Exact agreement by all four observers occurred in 44% of the studies and in an additional 35% of the studies three of the four observers agreed and the fourth observer differed by one grade of abnormality. Hence, in 79% of the studies at least three of four observers agreed. The percentage of interobserver agreement for abnormal-normal is similar to ours and other studies Our study had the greatest intraobserver agreement when the interpreters were asked for only an abnormal or normal response (a dichotomous interpretation). Intraobserver agreement averaged 91% and interobserver agreement of at least three readers for abnormal scintigrams occurred in 77% of the studies. This increased consistency in dichotomous judgments is intuitively pleasing and has been found in other studies.' The first readings were used to calculate interobserver variability because this simulates the usual clinical situation, where only one reading is done.
The poorest intraor interobserver agreement was noted in defect location, particularly in areas in which overlap of several areas occurs, most notably the apical area. The apical area is wherever the reader puts an imaginary line demarcating inferior from true apex from anterolateral portions of the heart. Hence, we call this the area of "anyone's best guess." Part of the lack of observer agreement may also be due to inadequate anatomic definition as well as normal variation.
In several cases, the drawn (shaded areas) lesions matched in the first and second reading, but the written location did not. This result is not unique.28' 9>9 A reporting form that contains the usual written description of the defect and its anatomic location as well as a shaded area or drawn lesion on schematic representations of the heart might be helpful.
Although used primarily as a diagnostic test indicating the presence or absence of coronary artery disease (a dichotomous decision), thallium scintigraphy has been used to localize the site of coronary occlusion. Studies correlating thallium segmental defect location to actual major arterial lesions have shown a high degree of specificity (greater than 90%) but low sensitivity in three segments: Anteroseptal defects suggest left anterior descending disease, inferior defects suggest right coronary artery lesions, and posterolateral defects suggest left circumflex lesions.3540 Two of these studies noted high interand intraobserver agreementas high as 90% intraobserver (only one observer) and 87% interobserver (two readers). Both studies used standardized regions for reporting defect location, which may have contributed to such high agreement.
Our study indicates that agreement in thallium interpretation of anatomic location of defect is poor and could play a major role in lowering not only the sensitivity, but also the specificity of defect location correlated to major artery lesions. We used more observers, more films, and possibly a longer interval between reinterpretations to eliminate the possibility of reader recall of previous readings than did these other studies. In addition, other studies also used standard criteria for reporting defect location, limiting the role of "anyone's best guess" in describing a defect.', 40 Thallium imaging has been used to evaluate therapy such as coronary artery bypass surgery,4" exercise training'2 3 and percutaneous transluminal angioplasty.44 In comparing images before and after an intervention, one may subjectively say better, worse or no change when trying to quantitate the improvement or change in the intensity of the defect. To place an objective grading on severity of a defect that could be used for comparative purposes, we set up a scale of 1-10 to represent severity in terms of the combination of size and intensity. The intraobserver correlation of the first and second readings was fairly high, 0.82-0.94. The best average interand intraobserver agreement was seen in the two readers with the greatest experience, as was found by Detre et al.10 In our study, experience had no effect on agreement when interpreting either abnormal or normal, but seemed to improve interpretation of the anatomic location of the defects. The highest agreements were for the LAO view, which allows the best anatomic view of the septal area and total myocardium.
In summary, we found the best observer agreement when describing the images using dichotomous judgments and the least agreement with more complex de- scriptions, such as anatomic location of defects, and in overlapping areas, such as the apical region. The review of the literature and our study suggest several possible modes for improvement, including (1) simple dichotomous decisions; (2) standardized report forms such as the one used in this study; (3) multiple observers or one very experienced reader; (4) multiple blinded or unbiased interpretations; and (5) computer analysis.'
